
Ankrd26 Gene Disruption Enhances Adipogenesis of Mouse
Embryonic Fibroblasts*□S

Received for publication, April 7, 2011, and in revised form, June 9, 2011 Published, JBC Papers in Press, June 13, 2011, DOI 10.1074/jbc.M111.248435

Zhaoliang Fei, Tapan K. Bera, Xiufen Liu, Laiman Xiang, and Ira Pastan1

From the Laboratory of Molecular Biology, Center for Cancer Research, National Cancer Institute, National Institutes of Health,
Bethesda, Maryland 20892-4264

Wepreviously reported that partial disruption of theAnkrd26
gene in mice leads to hyperphagia and leptin-resistant obesity.
To determine whether the Ankrd26 mutation can affect the
development of adipocytes, we studied mouse embryo fibro-
blasts (MEFs) from themutantmice.We found thatAnkrd26�/�

MEFs have a higher rate of spontaneous adipogenesis than nor-
mal MEFs and that adipocyte formation is greatly increased
when the cells are induced with troglitazone alone or with a
mixture of troglitazone, insulin, dexamethasone, and methyl-
isobutylxanthine. Increased adipogenesis was detected as an
increase in lipid droplet formation and in the expression of sev-
eral markers of adipogenesis. There was an increase in expres-
sion of early stage adipogenesis genes such as Krox20, KLF5,
C/EBP�,C/EBP�, and late stage adipogenesis regulatorsKLF15,
C/EBP�, PPAR�, and aP2. There was also an increase in adi-
pocyte stem cell markers CD34 and Sca-1 and preadipocyte
markers Gata2 and Pref-1, indicating an increase in both stem
cells and progenitor cells in the mutant MEFs. Furthermore,
ERK was found constitutively activated in Anrd26�/� MEFs,
and the addition ofMEK inhibitors tomutant cells blocked ERK
activation, decreased adipogenesis induction, and significantly
reduced expression of C/EBP�, KLF15, PPAR�2, CD34, and
Pref-1 genes. We conclude that Ankrd26 gene disruption pro-
motes adipocyte differentiation at both the progenitor commit-
ment and differentiation steps and that ERK activation plays a
role in this process.

The incidence of obesity has increased and is now recognized
as a risk factor for many diseases, including diabetes, heart dis-
ease, and cancer (1). We have recently reported the establish-
ment of a new mouse model of obesity due to partial inactiva-
tion of theAnkrd26 gene (2).ANKRD26 is the ancestral gene for
a primate-specific gene family POTE (3). POTE appears to be a
proapoptotic gene that is highly expressed in testis and only in
a few other normal tissues but is expressed in many cancers (4,
5).The ANKRD26 gene is much larger than POTE and contains
many more exons. Ankrd26 is expressed in almost all normal
tissues including brain, heart, liver, kidney, pancreas, and adi-

pose tissue. The human andmouseAnkrd26 genes consist of 34
exons and encode a protein of 190 kDa in size that is localized to
the inner aspect of the cell membrane. This location and the
fact that ANKRD26 has ankyrin repeats and spectrin helices
suggest that ANKRD26 could function as an adaptor protein in
cell signaling.
A mouse line containing a mutant Ankrd26 gene was gener-

ated from mouse ES cells obtained from Bay Genomics in
which a �-galactosidase cDNA was inserted into intron 24 of
theAnkrd26 gene. As a result of the insertion, the final 10 exons
of the gene are not transcribed, and the Ankrd26 protein is
missing the last 519 amino acids. The heterozygous mice
exhibit no phenotype, but the adult homozygous mice become
extremely obese, indicating that the loss of the C terminus of
the protein is responsible for the obese phenotype. Although
the mice are hyperphagic and apparently do not respond to
leptin, we believe that there are other factors contributing to
their obesity outside of the CNS. One reason is that Ankrd26 is
highly expressed in adipose tissue. A second is that white adi-
pose tissue has enhanced insulin sensitivity in these mice.2
Adipogenesis is known to be controlled by a complex net-

work of transcription factors (6–8) and generally includes two
steps (6). The first is commitment, which involves differentia-
tion of pluripotent or multipotent stem cells into preadi-
pocytes, and the second is terminal differentiation in which
preadipocytes differentiate into adipocytes. During adipocyte
differentiation in the presence of hormonal inducers, growth-
arrested preadipocytes undergo mitotic clonal expansion (7, 8)
followed by the induction of the master regulator genes perox-
isome proliferator-activated receptor � (PPAR�)3 and CCAAT
enhancer-binding protein� (C/EBP�) (9). These in turn induce
downstream target genes such as aP2, leading to the formation
of differentiated adipocytes. C/EBP� and C/EBP� are two well
known early stage regulators (10) that have important roles in
mitotic clonal expansion (11, 12). KLF5 (13) is a zinc finger
transcription factor whose expression is stimulated by C/EBP�
and C/EBP�. Krox20 promotes adipogensis by stimulating
C/EBP� expression (14), andKLF15 is another adipogensis reg-
ulator acting downstream of C/EBP� and C/EBP� and can
stimulate PPAR� expression (15).
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We report here that mouse embryo fibroblasts (MEFs) from
mice with partial inactivation of the Ankrd26 gene are more
readily induced to form adipocytes compared with control
MEFs and that the mutant MEFs contain an increased number
of both stem cells and progenitor cells for adipocytes.

EXPERIMENTAL PROCEDURES

Preparation of Primary MEF Cells—Primary MEF cells were
isolated from embryos of wild-type (WT) and Ankrd26 C-ter-
minal disruption homozygous mice at 13.5 days after coitus.
Embryos were removed and separated from maternal tissues
and yolk sack andwere finelyminced, digestedwith 0.05% tryp-
sin/1 mM EDTA for 30 min at 37 °C, and centrifuged for 5 min
at 1000 � g. The pellet was resuspended in culture medium
before plating. Cells were cultured at 37 °C in high glucose
DMEM (Invitrogen) supplemented with 10% (v/v) FBS (Omega
Scientific) and 100 units/ml penicillin/streptomycin (Invitro-
gen). MEF cells were frozen in liquid nitrogen at passage 1 in
aliquots of 1 � 106 cells/vial.
MEF Cell Culture—Passage 1 cells were thawed, and experi-

ments were performed at passage 3 or 4. MEF cells were plated
in 6-well plates with 2.5 � 105 cells/well and maintained at
37 °C with DMEM with 10% FBS, and 5% CO2.

For the ERK inhibition experiment, mutant (MT) MEF cells
were treated with 30 �M ERK inhibitor U0126 (Cell Signaling
Technology) or 40 �M PD0935 (Cell Signaling Technology) in
dimethyl sulfoxide from day 3 after plating to the end of adipo-
genesis induction.
Adipogenesis Induction—For adipogenesis induction ofMEF

cells, 8 days after confluence themediumwas replaced with the
standard differentiation induction medium containing 0.5 mM

methylisobutylxanthine, 1�Mdexamethasone (DEX), 10�g/ml
insulin, 10�M troglitazone (TROG) and10% (v/v) FBS (16). The
cells were treated with differentiation agents for 3 days, and the
mediumwas replaced with normal 10% FBSDMEM culture for
another 2 days. Medium was renewed every 2 days. For West-
ern blot analysis and real-time RT-PCR, cells were harvested
before and after induction of differentiation.
Oil Red O Staining—Oil red O staining was performed on

induction day 5. Cells were washed twice with PBS and fixed
with 10% formalin in PBS for 1 h. They were washed three
times with water, one time with 60% isopropyl alcohol, and
stained with oil red O (six parts of 0.6% oil red O dye in isopro-
pyl alcohol and four parts water) for 30 min. Excess stain was
removed by washing once with 60% isopropyl alcohol and two
times with water. The plates were then scanned. Spectrophoto-
metric quantification of the stain was performed by dissolving
the lipid in 100% isopropyl alcohol for 10 min. Optical density
was then measured at 490 nm.
Western Blot Analysis—MEF cells were prepared for West-

ern blot analysis by rinsing twice with PBS and scraping cells
in lysis buffer containing 50 mM Tris-HCl, pH 8, 5 mM

EGTA,150 mM NaCl, 0.5% Nonidet P-40, 0.5% Triton X-100
containing protease inhibitor mixture (Roche Applied Sci-
ence, 11697498001) andphosphatase inhibitormixture (Sigma,
P5726). Cell lysates were incubated on ice for 30minwith occa-
sional vortexing and then centrifuged for 15 min at 14,000 � g
at 4 °C. Protein concentrations were determined by the Coo-

massie PlusTM protein assay (Thermo Scientific, 23236). Cell
lysateswere fractionated on 4–20%SDS-PAGE and transferred
to PVDF membranes (Invitrogen, LC2002). Signals were visu-
alized by ECLAdvanceWestern blotting detection (GEHealth-
care, RPN2135) for p-ERK; all others were detected with ECL
plus Western blotting detection (GE Healthcare, RPN2132).
Antibodies used were phospho-mTOR (Ser2448) (Cell Signal-
ing Technology, 2971), mTOR (Cell Signaling Technology,
2972), ERK1/2 (Cell Signaling Technology, 9102), phospho-
ERK1/2 (Cell Signaling Technology, 9106), phospho-MEK1/2
(Cell Signaling Technology, 2338), MEK1/2 (Cell Signaling
Technology, 9122), insulin receptor � (Cell Signaling Technol-
ogy, 3025), phospho-IGF-I receptor �/insulin receptor � (Cell
Signaling Technology, 3024), phospho-Akt (Ser-473) (Cell Sig-
naling Technology, 9271), Akt (Cell Signaling Technology,
9272), PPAR� 1B8 (Cell Signaling Technology, 2443), C/EBP�
(Cell Signaling Technology, 2318), FABP4 (aP2) (Cell Signaling
Technology, 3544), C/EBP� (Santa Cruz Biotechnology,
sc-150),�-actin (Santa Cruz Biotechnology, sc-13065), second-
ary antibody goat anti-rabbit IgG-HRP (SantaCruz Biotechnol-
ogy, sc-2004), and secondary antibody sheep anti-mouse (GE
Healthcare, NA931).
Immunofluorescence—Cells were cultured on sterile Per-

manox 4-well culture slides for 10 days after confluence in 10%
FBS DMEM in 37 °C and 5% CO2. Cells were washed briefly
with PBS, fixed for 15 min with 10% formalin in PBS, washed
with PBS, and then incubated for 15 min with 0.5% Triton
X-100 in PBS. Cells were then washed with 5% FBS in PBS at
room temperature for 1 h and rinsed in PBS for 5 min three
times. Cells were incubated with primary antibody at room
temperature for 2 h, rinsed in PBS for 5 min three times, and
then incubated with secondary antibody at room temperature
for 1 h, rinsed in PBS for 5 min three times, and counterstained
with DAPI for 10 min in PBS, and rinsed in PBS 5 min three
times. Coverslips were placed on cells with anti-fade mounting
medium, and cells were observed using confocal microscopy.
Antibodies used were PPAR� (Cell Signaling Technology,
2443), C/EBP� (Cell Signaling Technology, 2295), p-ERK (Cell
Signaling Technology, 9106), and Alexa Fluor� 488 goat anti-
rabbit IgG (Invitrogen, A-11008).
RT and Real-time PCR—Total RNA was isolated using TRI-

zol reagent (Invitrogen, 15596-018). RNA was purified with an
RNeasy Mini Kit (Qiagen, 74104), and 2 �g of total RNA was
used to perform genomic DNA elimination and reverse tran-
scription using an RT2 First Strand Kit (SABiosciences, C03).
Real-time RT-PCRwas performed on anABIHT 7900 RT-PCR
machine using the comparative CT method (��CT) method
with a QuantiFast SYBR Green PCR kit (Qiagen,204054).
Relative mRNA expression levels of target genes were nor-
malized to �-actin (primer information is available in sup-
plemental Table 1).
Statistical Analysis—The data are expressed as the mean �

S.D. Statistical analysis was performed using the Student’s t test
for comparison between two groups and one-way ANOVA.

RESULTS

Spontaneous Adipogenesis in Ankrd26 MT MEF Cells—Pri-
mary MEFs are widely used in adipogenesis studies because
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they aremultipotent cells and can be stimulated to differentiate
into adipocytes. To investigate the role of the Ankrd26 gene in
adipogensis, MEFs were prepared from pools of 13.5-day
embryos from normal and Ankrd26�/� C57BL/6 mice. Each
pool was made up of cells from 8 embryos, and all experiments
were performed at passage 3 or 4. During the growth of the cells

we observed a low level of spontaneous adipocyte formation on
days 8–10 after confluence in the mutant cells (Fig. 1A), but
otherwise the growth rate andmorphological appearance of the
mutant and wild-type cells were similar (data not shown).
Enhanced Adipogensis in Ankrd26MTMEFs—Insulin, DEX,

IBMX, and TROG are commonly used to trigger the differen-
tiation of adipocytes (17). Initially, we tried each of these agents
alone to induce adipogenesis as evaluated by oil red O staining.
We found that TROG was the only agent able to stimulate adi-
pocyte formation in the mutant cells (Fig. 1, B and C). None of
the drugs alone stimulated adipogenesis in normal MEFs.
When we combined TROG with insulin, DEX, or IBMX, or
combined all three there was consistently more adipogenesis in
themutant cells than in normalMEFs (Fig. 1, B andC). Fig. 1, B
and C, shows that the combination of insulin, DEX, IBMX, and
TROG (IDMT) induced a very striking increase in the number
of adipocytes and in the total lipid production in MT MEFs
compared with the WT MEF cells. These results indicate that
induced Ankrd26mutant fibroblasts generate more adipocytes
than the control WTMEFs.
We next evaluated the time course of adipocyte induction in

amedium containing 0.5 mM IBMX, 1 �MDEX, 10 �g/ml insu-
lin, 10 �M TROG, and 10% FBS. As shown in Fig. 2, lipid drop-
lets in themutant cells were visible on postinduction day 2. The
droplets had increased in size on day 3 andwere very prominent
on day 5. In contrast, lipid droplet formation in the normal
MEFswas delayed, the lipid droplets only became visible on day
3, and the droplets were much smaller in size.
Master Regulators of Adipogenesis Are Up-regulated in

Ankrd26 MT MEFs—To understand how spontaneous adipo-
genesis occurred in cells grown for 10 days after confluence
without inducers, we measured the expression of genes
involved in the induction of adipogenesis and found that
mRNA levels of C/EBP� and PPAR� were increased in the MT
MEFs, with no change in C/EBP� and C/EBP� (Fig. 3A). To
determine whether the changes in RNA expression also
resulted in elevated protein levels and to determine how many
cells were affected, we performed immunofluorescence studies.
As shown in Fig. 3B, both C/EBP� and PPAR� proteins are
readily detectable in the nuclei of these cells, and the frequency
of positive cells is much higher in mutant MEFs than the WT
MEFs. These results together with the RT-PCR data indicate

FIGURE 1. Ankrd26 disruption causes hyperadipogenesis in MEF cells.
A, spontaneous adipogensis in MEF cells. MEF cells were under regular culture
for 10 days after confluence. Spontaneous differentiated adipocytes were
found in MT MEFs but not in WT MEFs. B, representative pictures of adipogen-
esis in MEFs induced with the indicated mixtures: UN, without induction; T,
induced with TROG; IDT, induced with insulin, DEX, and TROG; IDMT, induced
with insulin, DEX, IBMX, and TROG. C, oil red O staining assay of adipogenesis
induction in MEF cells. Bars indicate the mean � S.D. (error bars) of oil red O
value measured at A490 nm. I, insulin; D, DEX; M, IBMX; T, TROG. **, p � 0.01
significant statistical difference; ***, p � 0.001 significant statistical differ-
ence; ns, no significant statistical difference at p � 0.05.

FIGURE 2. Earlier shifts of lipid droplet formation in Ankrd26 MT MEF
cells. MEF cells were treated with adipogenic differentiation medium IDMT 8
days after confluence, and microscopy pictures were taken on the indicated
days: day 0 (before induction), day 2, day 3, and day 5 after induction. Lipid
droplets are visible beginning on day 3 and are enlarged on day 5 after induc-
tion in WT MEFs, whereas droplets were visible beginning on induction day 2
and are enlarged on day 3 and day 5 after induction in MT MEF cells.
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that the low level of spontaneous adipogenesis of MT MEFs is
likely to be a consequence of increased expression of C/EBP�
and PPAR� in selected cells in the population.
Both Early and Late Stage Adipogenesis Regulators Are

Hyperinducible inMTMEFs—To investigate themechanismof
the increased adipogenesis of Ankrd26 mutant cells, we meas-

ured the activity of genes that are associated with the adipogen-
esis cascade after induction with IBMT, using real-time RT-
PCR and Western blot analysis.
The data in Fig. 4A show that Krox20 mRNA peaks 2 h

after induction, the increase is much greater in the mutant
cells, and the increased expression relative to the WT MEFs
is maintained over the 5 days of induction. C/EBP� (18)
expression (Figs. 4B and 5A) was also increased 2 h after
induction and remained elevated for several days. The
mRNA and the protein level in the mutant cells peaked at the
2- and 4-h time points and then decreased to levels similar to
the WT MEFs.
C/EBP�, a third early stage marker of adipogenesis (18), was

also highly expressed in the mutant cells beginning at the 2-h
time point and remained elevated for 5 days. The protein level
elevationwas detected early after induction but not at later time
points except for day 5 (Figs. 4C and 5A). The fourth early stage
marker we examined was zinc finger transcription factor KLF5
(10). Similar to the other genes in this group, increased expres-
sion was detected at 2 h after induction in the mutant cells,
which remained elevated for 5 days (Fig. 4D).
KLF15 is a zinc finger transcription factor expressed in later

stages of adipogenesis (15). Real-time PCR data show that
KLF15 levels are low before induction and begin to rise in the
first few hours after induction (Fig. 4E). Increased expression is
detected from day 1 to day 5 after induction, and theMTMEFs
have higher expression in all tested time points. A similar pat-
tern of expression was seen with two other key regulators,
C/EBP� (Fig. 4F) and PPAR� (Figs. 4G and 5A) (18). aP2 levels
were measured and found to be higher in the mutant cells
beginning 1–2 days after induction (Fig. 4H). These data sug-
gest that the mutant MEFs had increased levels of several fac-
tors that are involved in both early and late stages of adipocyte
differentiation.
Higher Number of Adipocyte Stem Cells asWell as Progenitor

Cells inAnkrd26MTMEFs—It has been reported that an undif-
ferentiated adipocyte subpopulation of early adipocyte precur-
sor cells that areCD29�,CD34�, Sca-1�, andCD24� are capa-
ble of proliferating and differentiating into mature adipocytes
in vitro and in vivo (19). We analyzed the expression of these
genes in mutant and WT MEFs. Fig. 6 shows that CD34 and
Sca-1 are expressed at higher levels in uninduced MT MEFs
than inWT cells; we did not detect significant changes inCD29
and CD24. mRNA analysis showed that both preadipocyte
markers Pref-1 (20) andGata2 (21) are also expressed at higher
levels in MT than in WT MEFs (Fig. 6, E and F). Combined,
these results indicate thatAnkrd26 gene disruption gives rise to
more stem cells and preadipocytes.
Increased ERK Phosphorylation in Ankrd26 MT MEFs—It

was well known that ERK signaling is important for adipogen-
esis. Insulin and cyclic AMP have been found to activate ERK
(22, 23). We analyzed the phosphorylation of ERK, insulin
receptor, and Akt before and after induction to see if this path-
way had been altered by the Ankrd26 mutation. Fig. 5A shows
that the level of phospho-ERK is higher inMTMEFs than in the
WT MEFs with no change in the level of total ERK. This
increase in phosphorylation was present before induction and
lasted until day 5 post-induction (Fig. 5A) showing that the ERK

FIGURE 3. Up-regulated expression of later stage but not early stage reg-
ulators in Ankrd26-disrupted MEFs. A, real-time PCR analysis of C/EBP�,
C/EBP�, C/EBP�, and PPAR�2 expression in WT and MT MEFs under regular
culture 10 days after confluence. Relative quantity of mRNA expression was
normalized to �-actin. Bars indicate the mean � S.D. (error bars). *, p � 0.05,
statistically significant difference between WT and MT MEF cells; ns, no statis-
tical difference. B, immunofluorescence of C/EBP� and PPAR� expression in
WT and MT MEFs under regular culture 10 days after confluence. There are
more C/EBP� and PPAR� nuclear translocated cells found in MT than WT cell
types. Cells stained with anti-rabbit secondary antibody only serve as a neg-
ative control.
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pathway remains activated during the induction process. To
determine the cellular distribution of activated p-ERK in unin-
duced mutant MEF, we performed immunofluorescence anal-
ysis using anti-p-ERK antibodies. As expected,we foundpositive
staining in the mutant MEF, and the signal is distributed in the
cytoplasm as well as in the nucleus. The signal is not detectable in
theWTMEF(supplemental Fig. 1). BecauseERKphosphorylation
was increased, we also investigated the phosphorylation status of
other important regulators. As shown in Fig. 5B, p-mTOR was
elevated inmutantuninducedMEFscomparedwithWTMEFs. In
contrast, we did not find an increase in phosphorylation of the
insulin receptor, Akt, orMEK1/2 (Fig. 5B).
ERK Inhibitor Effect on Adipogenesis of Ankrd26 Gene-dis-

ruptedMEFs—ERK1/2MAPK is known to play important roles
in adipogenesis; several earlier studies reported ERK activation

promotes adipogenesis (7, 22, 24, 25), although there are other
reports that it inhibits adipogenesis (26, 27). We hypothesized
that the constitutively activated ERK contributes to adipogen-
esis. Because ERK is activated by MEK, we tested this hypothe-
sis using MEK inhibitors, U0126 at 30 �M and PD98059 at 40
�M, to determine whether they could prevent ERK phosphory-
lation or MEFs differentiation. Fig. 7A shows that both com-
pounds blocked ERK phosphorylation, although U0126 was
more potent than PD98059, and the photograph in Fig. 7B
shows that both these agents were inhibitors of adipogenesis
with U0126 being more active. We quantified the amount of
lipid produced and found that there was a significant decrease
in total lipid production when theMEK inhibitors were present
(Fig. 7, B and C). We also measured the expression level of
several genes important for differentiation and found that inhi-

FIGURE 4. Real-time PCR analysis of adipogenesis regulators during differentiation induction. MEFs 8 days after confluence were treated with standard
differentiation medium, IDMT for 3 days followed by regular DMEM for another 2 days. At the indicated time points cells were collected for RNA isolation and
subjected to real-time PCR analysis. Bars represent the mean � S.D. (error bars) of relative amount of mRNA expression normalized to �-actin. *, p � 0.05
significant statistical difference; **, p � 0.01 significant statistical difference; ***, p � 0.001 significant statistical difference; ns, no significant statistical
difference at p � 0.05. Data are representative of at least two independent experiments.
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bition of ERK phosphorylation significantly suppressed their
expression. C/EBP� expression was decreased both before and
5 days after induction (Fig. 7D). The expression of KLF15 (Fig.
7E) was partially suppressed before induction as well as 4 h and
5 days after induction, and PPAR�2 (Fig. 7F) was significantly
reduced on day 5 after induction. What was of particular inter-
est to us was that inhibition of ERK phosphorylation also sup-
pressed expression of the adipocyte stem cell marker CD34
(Fig. 7G) and preadipocytemarker Pref-1 (Fig. 7H). The expres-
sion of both these genes is elevated in the uninducedMTMEFs.
These data indicate that Ankrd26 gene disruption enhances
adipogenesis of MEFs at least partly through constitutive ERK
activation, and this activation contributes to enhanced adipo-
genesis at both the differentiation and commitment steps.

DISCUSSION

In this report we show that adipogenesis is greatly enhanced
inAnkrd26-disruptedMEFs. There is a small increase in adipo-
genesis inMTMEFs prior to induction and a very large increase
after induction. These results indicate that Ankrd26 is a novel
regulator of adipogenesis in MEFs.
Our analysis of the genes and proteins expressed in mutant

fibroblasts before induction showed that C/EBP� and PPAR�,
two late stage regulators of adipogenesis, were both up-regu-
lated. It is generally accepted that PPAR� and C/EBP� are two
principal players in the adipogenesis cascade, and adipogenesis
does not occur in either PPAR�- or C/EBP�-deficient mesen-
chymal stem cells (11, 12, 26, 27). On the other hand, constitu-
tive expression of active PPAR�2 led to adipogensis in the
absence of standard differentiating medium or any exogenous
PPAR� ligand (28); thus, spontaneous adipogensis ofAnkrd26-
disrupted MEFs might result from PPAR� or C/EBP� up-reg-
ulation and activation (nuclear translocation). Also in support
of this hypothesis, we found that the PPAR� agonist TROG
alone induced adipogensis in MTMEFs, but not in WTMEFs.
The addition of inducers to the Ankrd26-disrupted fibro-

blasts caused a rapid increase in several early stage adipogenesis
regulators. Krox20, C/EBP�, C/EBP�, and KLF5were all signif-
icantly elevated compared with normal MEFs. Late stage regu-
lators of adipogenesis (KLF15, C/EBP�, PPAR�, and aP2) were
also much higher in induced MT MEFs than induced WT
MEFs. These findings indicate that the mutant cells are very
sensitive to hormonal stimulation as well and display a low level
of spontaneous adipogenesis. It has been shown that in the adi-
pogenesis program there is a commitment step that occurs
before adipocyte differentiation. In this study,we found that the
adipocyte stem cell markers CD34 and Sca-1 and the preadi-
pocyte markers Pref-1 and Gata2 were up-regulated in
Ankrd26-disrupted MEFs. These results suggest that Ankrd26
is a previously unidentified factor that participates in the regu-
lation of commitment of adipocyte precursors.

FIGURE 5. Western blot analysis of adipogenic protein expression. A,
Western blot time course analysis of adipogenesis regulator protein expres-
sion during differentiation induction. MEFs 8 days after confluence were
treated with standard differentiation medium IDMT for 3 days followed by
regular DMEM for another 2 days. Total cellular protein was harvested at the
indicated times. Equal amounts of cellular protein, 40 �g from each sample,
were subjected to Western blot analysis using antibodies specific for the indi-
cated proteins. B, MEK, ERK, and mTOR expression analyzed before induction
and MEFs 8 days after confluence.

FIGURE 6. Real-time PCR analysis of markers for adipocyte stem cells and preadipocytes. MEFs 8 days after confluence were analyzed for mRNA expression of the
indicated markers, normalized to �-actin. Bars represent the mean � S.D. (error bars) of relative amount of mRNA. Data are representative of three independent
experiments. *, p � 0.05 significant statistical difference; **, p � 0.01 significant statistical difference; ns, no significant statistical difference at p � 0.05.
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We analyzed uninduced MT MEFs looking for differences
that could help explain their sensitivity to adipocyte formation
and found that p-ERK as well as p-mTOR were elevated in the
mutant cells (Fig. 5B). ERK1/2 MAPKs are believed to play an
important role in adipogenesis, although there are conflicting
reports on the role of ERK. Some authors concluded that ERK
activation promotes adipogenesis (7, 22, 24, 25) whereas others
concluded that it inhibits (26, 27). There is also a study showing
that adipogenesis requires appropriately timed ERK activation

of a measured intensity. Too much or too little ERK activation
was shown to disrupt the efficient activation of transcription
factors critical to the adipogenic program (29). In this report,
ERK was constitutively activated in MT MEFs, whereas other
phospho-proteins (insulin receptor, Akt, and MEK) were not.
ERK is known to be activated by MEK. Because we did not find
an increase in MEK phosphorylation, the increased phosphor-
ylation of ERK could be due to a decrease in the activity of a
phosphatase that dephosphorylates ERK or by phosphorylation

FIGURE 7. Effect of ERK inhibition on adipogenesis of Ankrd26-disrupted MEFs. Ankrd26-disrupted MEF cells were treated with MEK inhibitors U0126 at 30
�M or PD98059 at 40 �M from day 1 of plating to the end of adipogensis induction; MT MEFs treated with dimethyl sulfoxide (DMSO) serve as a negative control.
Adipogenesis induction was performed 8 days after confluence. A, Western blot of phospho-ERK and ERK, with �-actin loading control. B, oil red O staining of
MT MEFs treated with dimethyl sulfoxide, U0126, or PD98059. C, measurement of oil red O staining. Bars indicate mean � S.D. (error bars) of oil red O. D–H,
real-time analysis of genes expression at indicated time points; bars indicate mean � S.D. relative quantity expression normalized to �-actin. D–F were analyzed
at the indicated time points, G–H were analyzed only before induction at day 8 after confluence. *, p � 0.05 significant statistical difference; **, p � 0.01
significant statistical difference; ***, p � 0.001 significant statistical difference; ns, no significant statistical difference at p � 0.05.
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of ERK by an unidentified protein kinase. It has also been
reported that ERK plays an important role in retinoic acid-me-
diated embryonic stem cell commitment into the adipocyte lin-
eage (14) and that RA is a potential mediator of S6K1 activation
during early adipocyte development (17). Therefore, ERK
might also be required for S6K1-mediated adipocyte lineage
commitment.
In this study, we showed that we could prevent ERK phos-

phorylation by inhibiting MEK using U0126 or PD98059 in
Ankrd26 gene-disrupted MEFs, and this was associated with a
decreased expression of the adipocyte marker CD34 and the
preadipocyte marker Pref-1. This result supports the proposal
that Ankrd26 disruption could facilitate preadipocyte commit-
ment via constitutive activation of ERK. However, the partial
effect of the MEK inhibitors on adipogenic induction could be
due to the involvement of other signaling pathways. It is possi-
ble that the mTOR pathway is also involved because we found
that the level of p-mTOR was increased in the mutant
fibroblast.
In our previous report we described an increased p-Akt level

in themutant heart (2). Although several lines of evidence have
implicated the PI3K/Akt pathway as a positive regulator of adi-
pogenic differentiation ofmurine preadipocyte (30–32), we did
not find any difference in p-Akt levels between the mutant and
theWTMEFs, suggesting that Ankrd26 regulates the signaling
pathway in a tissue-specific manner.
The detailedmechanism by whichAnkrd26 enhances adipo-

genesis, as well as the phenotypic relevance of the Ankrd26
knock-out mice to human metabolic syndrome, is still unclear
and needs further investigation. The Ankrd26 protein is large
and contains several different motifs, suggesting it can interact
with several different proteins. We have begun to investigate
proteins that bind to Ankrd26 using the yeast two-hybrid sys-
tem and have identified several interacting proteins. We are
now engaged in validating that these interactions occur in
mouse and human cells.
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